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ABSTRACT 

Despite decades of intense efforts, many fundamental aspects of Type la supernova (SNe la) remain 
elusive. One of the major open questions is whether the mass of the exploding white dwarf (WD) is 
close to the Chandrasekhar limit. Here we report the detection of strong K-shell emission from stable 
Ee-peak elements in the Suzaku X-ray spectrum of the Type la supernova remnant (SNR) 3C397. 
The high Ni/Ee and Mn/Ee mass ratios (0.11-0.24 and 0.018-0.033, respectively) in the hot plasma 
component that dominates the K-shell emission lines indicate a degree of neutronization in the SN 
ejecta which can only be achieved by electron captures in the dense cores of exploding WDs with a 
near-Chandrasekhar mass. This suggests a single-degenerate origin for 3C 397, since Chandrasekhar 
mass progenitors are expected naturally if the WD accretes mass slowly from a companion. Together 
with other results supporting the double-degenerate scenario, our work adds to the mounting evidence 
that both progenitor channels make a significant contribution to the SN la rate in star-forming galaxies. 
Subject headings: atomic data — infrared: ISM — ISM: individual objects (3C 397, G41.1-0.3) — ISM: 

supernova remnants — nuclear reactions, nucleosynthesis, abundances — X-rays: 
ISM 


1. INTRODUCTION 

Type la supernovae (SNe la) are widely believed to re¬ 
sult from the thermonuclear explosion of a carbon-oxygen 
white dwarf (WD) that is d estabilized by mas s trans¬ 
fer in a binary system (e.g., iMaoz et al.l 1201-^ . Even 
though their use as distance indicators in co smology has 
sparked considerable interes t in SNe la (e.g.. lRiess et al.l 
ll998l : [Perlmutter et al.lll99^ . many fundamental aspects 
of these explosions remain obscure. Two major channels 
are thought to lead to S N la explosions : the single de¬ 
generate (SD) scenario (| Whelan fc IbenI ri973f ) where a 
WD accretes matter from a non-degenerate companion 
and explodes when its mass grows close to the Chan¬ 
drasekhar limit (Mch ^ 1AM(7)), and the double de¬ 
generate (DD) scenario (|Webbinkl Il984f ) where the ex- 
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plosion is triggered by the dynamical merger of two 
WDs. Unfortunately, the remarkable uniformity in SN 
la light curves and spectra makes it difficult to in¬ 
fer the properties of the progenitors from the explo¬ 
sions themselves. Because of this, most observational 
efforts to distinguish between progenitor scenarios for 
individual SNe la have focused on s earches for cir- 
cnmstellar material (iPatat et al.l [20071: iSternberg et al.l 
l2Qlll : [^denes et all l2 00 Tl: I Williams et al.lf^llL l2Q14f)~m 

pre-existing/surviving stell a r coni p anions (ILi et al.ll2Qlll: 

Gonzalez Hernandez et al ] IMS iSchaefer fc Pagnottal 

Ml). 


Erom the point of view of the SN nucleosynthesis, the 
main difference between SD and DD systems is the cen¬ 
tral densit y of the WD at the onset of the thermonuclea r 
runaway (jPakmor et al.l l2Q12l : iSeitenzahl et al.l l2Q13aj) . 
In SD progenitors, the exploding WD should always be 
close to Mch, and have a dense (p > 2 x 10^ gcm“^) core 
where electron captures can take place efficiently, lead¬ 
ing to significant production of nentronized species like 
^^Ni a nd ^^Mn (jlwamoto et al.l 119991: ISeitenzahl et al.l 
l2Q13b[ ). In contrast, the DD explosion scenarios that 
can best reproduce the observed properties of SNe la re¬ 
quire lower masses and central densities for the primary 
WD, and therefore predict lower yields of these species 
(|Pakmor et al.l l2Q12l : Ivan Kerkwiild l2Q13f) . Eor this rea¬ 
son, the yield of ^^Ni, ^^Mn, and other nentronized 
species has been i dentified as a power f ul diagnostic for 
SN la progenitors (jMaeda et al.ll2QlQal: ISeitenzahl et al.l 
l2Q15f ). However, a combination of long half-lives and 
complex ionization issues at play in nebular spectra 
(jPessart et al.ll2Q14l ) makes it extremely difficult to quan¬ 
tify these yiel ds for individual objects during the opti¬ 
cal SN phase (iMazzali et al.l l2QQ7[ iGerardv et al.l I2QQ7I: 
iMaeda et ahlDOloT^ 
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Figure 1. Two-color image of SNR 3C 397. Red and blue repre¬ 
sent 24/im IR (Spitzer) and 5-9 keV X-rays (Suzaku), respectively. 
The green rectangles indicate the locations where the IR spectra 
(Fig.[2ji) are extracted. 

(SNRs) offer an excellent opportunity to make robust 
measurements of the yields of neutronized species, as the 
innermost ejecta must have been thermalized by the re¬ 
verse shock in the SNRs, and will therefore be visible 
in the X-ray spectrum. 3C397 (G41.1-0.3) is an ideal 
target in this sense, since it is dynamically more evolved 
than other well-known Type la SNRs (i.e., Kepler, Ty¬ 
cho, SN1006). Although 3C397 has sometimes been 
classified as a core-c ollapse SNR due to its proximity 
to molecular clouds (|Safi-Harb et al.ll2QQQ[) . most stud¬ 
ies, including our own systematic analysis of Fe K-shell 
emission in young a nd middle-aged SNRs, agree on a 
Type la origin (e.g.. iChen et al.lll999l: I Yang et ^120131: 
lYamagnchi et al.l l2Q14al) . Here we present strong evi¬ 
dence for the presence of electron capture products in the 
X-ray spectrum of 3C 397, after proving that the SNR is 
indeed evolved. In our a nalysis, we assume th e distance 
to the SNR to be 10 kpc (|Safi-Harb et al.|[2QQQl and refer¬ 
ences therein), but our main results and conclusions are 
not affected by the uncertainty in the distance estimate. 

The errors quoted in the text and table, and the error 
bars in the figures are at the Icr confidence level, unless 
otherwise stated. 

2. OBSERVATIONAL RESULTS 

We analyzed archival Spitzer infrared (IR) and Suzaku 
X-ray data from 3C397. The IR observations were 
performed using the Multiband Imaging Photometer 
(MIPS) and the Infrared Spectrograph (IRS) during 
April 2005. The X-ray observation was performed in Oc¬ 
tober 2010 with a total effective exposure of 69 ks for 
the X-ray Imaging Spectrometer (XIS). We followed the 
standard procedures for data reduction. Figured] shows 
a composite image of 3C 397 in the 24 /im IR (red) and 
5-9keV X-rays (blue). 

2.1. IR Spectroscopy 

In young SNRs, mid-IR continuum emission arises 
from dust grains in the interstellar medium (ISM) that 
are heated in the post-shock gas by collisions with en¬ 
ergetic ions and electrons. Therefore, IR spectra can 
constrain the densit y and mass of the sw ept-up am¬ 
bient medium fe.g.. iBorkowski et al.l |2QQB) . Figure[2^ 
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Figure 2. (a) Spitzer IRS spectra used to measure the ambient 

density. Black and gray data are taken from the NE and SW rims 
indicated in Figured] respectively. The continuum components are 
fitted with a dust emission model (dashed curves), (b) Spatially 
integrated Suzaku XIS spectrum of 3C 397. The model (gray lines) 
consists of a bremsstrahlung continuum with an electron temper¬ 
ature of logio{Te [K]) = 7.39 ± 0.04 and four Gaussians with the 
parameters listed in Tabled] 


shows the background-subtracted Spitzer IRS spectra 
from the two regions indicated in Figured] Using the 
du st emission mode l s and analys is procedures d e scribe d 
in IBorkowski et al.l (|2QQ6f ) and I Williams et al.l (|2Q12D . 
we fitted the 21-33/im continuum and derived post¬ 
shock proton number densities of 4.6 ± 0.4 cm“^ and 
8.5 ± 0.8 cm“^ for the NE and SW rims, respectively. 
The average pre-shock density is therefore po = /^h n 
(4.6 + 8.5)/2 X (1/4) ^ 3.8 x 10“^^gcm“^, where /in 
= 1.4 X 1.67 X 10“^^ g is the mean mass per hyd rogen 
nucleus for solar abundances (jAsplnnd et al.ll2009f ). 

The spatially-integrated IR flux from the SNR is 
^20Jy, which requires a swept-up dust mass of 
^O.2M0dio- This estimate accounts for the fact that 
the mid-IR observations usually capture only ^20% of 
the flux in this band, because the rest of the dust is colder 
and emits at longer wavelengths (|Borkowski et al.l 120061: 
IWilliams et al.l 120141) . Ta king the standard dnstTo-ga s 
ratio in the Milky Way (|Weingartner fc Draind [200ll ) . 
the estimated dust mass leads to a swept-up gas mass 
of Mq d\Q. The SNR shape can be well approxi¬ 
mated by a 2.'4 x 1.'3 x 1.'3 ellipsoid, corresponding to a 
volume of 1.4 X 10^^ dfg cm^. The average ambient den¬ 
sity that the SNR blast wave has experienced is therefore 
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Table 1 

The best-fit spectral parameters, theoretically-predicted line emissivities and their ratios, and derived mass ratios for the Fe-peak 

elements observed in the hard (5-9 keV) X-ray spectrum of 3C 397. 



Centroid 

FWHM 

Flux 

Emissivity 

e/sFe 

M/Mpe 


(eV) 

(eV) 

(photons cm“^ 

(10“^^ photon cm^ 



Cr Ka 

Mn Ka 

Fe Ka 

5596+fi (±6) 

60731^® (±6) 
6556^^ (±7) 

104tS 

104 

181 ± 6 

1.057o:i4 X 10“^ 

X 10“® 

1.38 ± 0.03 X 10“^ 

o o + r.i 

'^•'^-1.0 

2.2 ± 0.7 

1 q + 0.5 
-‘-•'^-0.4 

2.6 ±0.2 

1.7± 0.1 

1 

U.UZ 1 _Q 006 

U.UZO_o 007 

1 

Ni Ka (+ Fe K/3) 
Ni Ka 

7616 ± 13 (±8) 

197tf, 

1.6ltoi® X 10“^ 

X 10“' 

0 64“’”°'^® 

0.49 ± 0.03 

o 

1 + 

o o 

b b 


Note. — The uncertainties in parenthesis are the systematic component (0.1% of the mean energy; lOzawa et al.l[200^ . The width 
(FWHM) of the Mn Ka line was linked to that of Cr Ka. The line emissivity £ is defined as F = enenionV/{4:7rD‘^), where F, riiom ^5 
and F, are the line flux, ion number density, emitting volume, and distance to the SNR, respectively. The Ni Ka emission observed in 
the X-ray spectrum (Fig.[2j)) is in fact contributed by Fe K/3 lines as well, with their centroids overlapping with each other (see text for 
details). The Ni Ka flux and Ni/Fe mass ratio given in the last row are obtained after subtracting the Fe Kj3 contribution. 


estiuiated to be 3.6 x 10“^^ gcui“^, cousisteut with 
(aud iudepeudeut from) the measuremeut from the IR 
spectra at the uomiual distauce to the SNR. Because the 
total swept-up mass 25 Mq) is much larger thau the 
typical SN la ejecta mass, we couclude that the reverse 
shock must have therma lized the iuuermost ejecta (e.g., 
iTruelove McKedfl^ . 

2.2. X-Ray Spectroscopy 

Giveu the ISM origiu of the IR emissiou, the clear 
auticorrelatiou betweeu the IR aud X-ray morphologies 
(Fig.[T]) suggests that the hard X-rays predomiuautly 
origiuate from the ejecta. The spectrum of the Suzaku 
XIS iu the 5-9 keV baud extracted from the eutire SNR 
is showu iu Fig. [213. The data from the two active frout- 
illumiuated CCDs (XISO aud 3) were merged after back- 
grouud subtractiou. The Ka atomic hues from four 
Fe-peak elemeuts (Cr, Mu, Fe, aud Ni) are clearly re¬ 
solved aud detected at high siguificauce. We measured 
their ceutroids aud fluxes usiug Caussiau models, aud 
obtaiued the results giveu iu Table[TJ Siuce the observed 
spectrum is domiuated by metal-rich ejecta, we mod¬ 
eled the coutiuuum with a bremsstrahluug represeut- 
iug emissiou from collisious betweeu hot free electrous 
aud highly-iouized heavy elemeuts by usi ug the Gauut 
factor calculatiou method described iu iKellogg et al.l 
(IT^ . This model coustraius the electrou tempera¬ 
ture to logio{Te [K]) = 7.39 ± 0.04. If a power law 
model is adopted iustead, au uureasouably steep pho- 
tou iudex (T > 4.0) is obtaiued, ruliug out a uouther- 
mal origiu for the coutiuuum. Iu fact, we fouud uo 
evideuce for a syuchrotrou X-ray filameut, such as ob¬ 
served iu youug SNRs (e.g., Tycho, SN 1006), iu the 
higher-resolutiou Chandra image of 3C397 at the hue- 
free euergies of 4.1-5.3keV. Duriug the spectral aual- 
ysis, we kept the abs orptiou columu deus ity fixed at 
Nn = 3 X 10^^ cm“^ (iSafi-Harb et al.l I2005D w ith stau- 
dard Galactic abuudauces (jWilms et al.ll2000l ). We re¬ 
peated the aualysis usiug differeut backgrouud spectra, 
but fouud uo siguificaut chauge iu the measured values 
listed iu Tabled! 

Iu the uou-equilibrium iouizatiou (NEI) couditious 
commouly fouud iu SNRs, hue ceutroids aud emissiv¬ 
ities are determiued by the electrou temperature (Tg) 
aud the iouizatiou timescale (ugt - the product of the 
electrou uumber deusity aud plasma age, which is the 
time elapsed siuce the gas was shock-heated). To deter- 
miue the plasma properties aud elemeutal mass ratios 


from the observed X-ray spectrum, we computed uew 
atomic data based ou the updated AtomDB database^^ 
(A. R. Foster et ah, iu preparatiou). Figure[3] shows the¬ 
oretical ceutroid euergies for the Fe-peak elemeuts de¬ 
tected iu the hard X-ray spectrum as a fuuctiou of iou¬ 
izatiou timescale (horizoutal axis) aud electrou temper¬ 
ature (vertical axis). The regious coustraiued by the 
observed spectrum are iudicated iu the plots. We hud 
that the plasma couditious for the four elemeuts over¬ 
lap with oue auother, iudicatiug that they origiuate iu 
a siugle plasma compoueut with au iouizatiou timescale 
of logiQ{net [cm“^ s]) = 10.73 ± 0.10. The Ka hue emis¬ 
sivities aud derived mass ratios (relative to Fe) for the 
coustraiued plasma state are giveu iu Tablet. Noue of 
the values listed there depeuds ou the distauce to the 
SNR. For the couditious fouud iu 3C 397, the ceutroid of 
Fe Kjd emissiou is predicted to be 7601^25 eV, overlap- 
piug with the measured rauge of the Ni Ka ceutroid (see 
lYamaguchi et al.ll2014bl . for Fe K/3 atomic data). This 
iudicates that Fe K/3 emissiou coutamiuates the Ni Ka 
flux. Therefore, we calculated the Fe K^/Ka emissivity 

ratio, obtaiuiug ^Fe(K/3)/^Fe(Ka) = 3.8lo.5%- The Ni/Fe 
mass ratio giveu iu Table 1 was derived takiug this cou- 
tributiou from the Fe K/3 hues iuto cousideratiou. 

3. DISCUSSION 

The classificatiou of SNRs as Type la or core collapse 
cau sometimes be coutroversial, but the observatioual ev- 
ideuce for 3 C397 strougly fav o rs a S N la origiu (e.g., 
Cheu et ^ 119991: lYaug et ^ I2Q13I: lYamaguchi et al.l 
2Q14a|) . Iu particular, the overall abuudauce patteru re¬ 
vealed by Chandra data (e.g., F e/Mg > 10solar, Fe/Si 
> 3 solar; iSafi-Harb et al.l 120051) is cousisteu t with typ- 
ical SN la yields (e.g .. Ilwamoto et all Il999f) . Although 
ISafi-Harb et al.l (j2000f ) did propose a core-collapse origiu 
for this SNR, their classificatiou was based ou the high 
ambieut deusity (^ 1 x 10“^^ gcm“^) estimated from the 
soft X-ray spectrum iu ASCA data. This techuique cau 
yield highly uucertaiu results iu heavily absorbed objects 
like 3C 397. Iu fact, our IR observatious iudicate that the 
ambieut deusity is much lowe r (^2.1), more iu hu e with 
other kuowu Type la objects (jBadeues et al.l[200^ . The 
IR results are also cousisteut with our receut systematic 
study of Fe K emissiou iu SNRs, where 3C 397 is placed 
squarely iu the SN la regiou with au ambieut deusity less 

http://www.atomdb.org 
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Figure 3. Theoretical predictions for the centroid energies of Ka emission from (a) Cr Ka, (b) Mn Ka, (c) Fe Ka, and (d) Ni Ka, 
as a function of the ionization timescale (net: horizontal axis) and electron temperature (Tg: vertical axis). The regions constrained 
by the observed centroid energies are indicated by the green curves. The red contours in panels (a), (b), and (d) are identical to the 
green contours in panel (c). The horizontal white lines indicate the electron temperature constrained by the shape of the bremsstrahlung 
continuum. The overlap of the contours indicates that the emission from all four lines originates in a single plasma component with an 
ionization timescale of loQw(net [cm“^ s]) = 10.73 ±0.10. Electronic data of the centroid energies and emissivities we used are available at 
<http://asd.gsfc.nasa.gov/Hiroya.Yamaguchi/AtomicData/ >. 


than 5 x gem ~^ (j Yamaguchi et al.ll2Q14^ . 

In SNe la, Fe-peak nuclei are synthesized in three dif¬ 
ferent burning regimes: incomplete Si burning, nuclear 
statistical equilibrium (NSE), and neutron-rich NSE (n- 
NSE). In the incomplete Si burning and NSE regimes, 
the yield of neutronized species (mainly stable ^^Ni and 
^^Mn after the radioactive decays of ^^Co^^^Ee^^^Mn) 
is controlled by the pre-explosion neutron excess carried 
by ^^Ne in the WD, which in turn is set mainly by the 
metallicity of the WD progenitor (iTimmes et alJ I2QQ3I: 
iBadenes et al.ll2QQ^lBravoll2Q13l:[^rk et al.ll2Q13[) . Only 
in the case of near-Mch WDs, the inner most ^0.2 Ma. 
is co nsumed in the n-NSE regime (e.g., Ilwamoto et alJ 
IT^ . where density-driven electron captures generate a 
neutron excess independently of progenitor metallicity. 
The Ni/Ee mass ratio found in 3C397 (0.11-0.24, which 
is independent from the distance to the SNR) is, to our 
knowledge, the highest reported in any SN la observa¬ 
tion, and it can be produced only in the n-NSE regime 
(and thus only in the near-Mch WD) at near-solar metal- 
licities (Eig. 2b of Park et al. 2013). 

To explore the relationship between the progenitor 
properties and the yields of the Ee-peak elements in 
more detail, we calculated a grid of SN la explo¬ 
sion models with a variety of progenitor WD masses 
(Tf\YD = 0.88 A/q, 0.97ATq, 1.06ATq, 1.15ATq, and 
Mch ~ 1.37 Mr:^) and metallicit i es rea sonable for Milky 
Way stars (jR.ocha- Pinto et ahl l2000f ) {Z = 0.18Zq, 
0. 72 ZcT), 1.8 a nd bA Ze?), where the updated value 
of lAsplnnd et al.l (j2009f ) is used for Zq). The models 
were calculated with a version of the one- d imens ional 
code described in iBravo fc Mart Inez- Pinedol (j2012l ). up¬ 
dated to include a more accurate treatment of the cou¬ 
pling between hydrodynamics and nuclear reactions (E. 


Bravo et ah, in preparat ion). Eor the Mch cases, 
delayed-detonation models (jKhokhlovlll991f ) with various 
defiagration-to-detonation transition densities (pddt) 
were used. The sub-Mch ex plosions were in itiated as 
detonations at the WD center (jSim et al.ll2010f ) , which is 
a good approximation for a SN la explosion initiated b y 
the violent merging of binary WDs (jPakmor et al.l[2QT^ . 
The mass of ^^Ni synthesized in the different models is 
between 0.17 Mq and 0.95 M ^:^, in agreement w ith the 
range found in normal SN la (jScalzo et al.ll20l4 ). As ex¬ 
pected, the highest level of neutronization in the Mch 
models is achieved in the n-NSE regime. We note that 
this result is mainly driven by the core density of the WD, 
and hence one-dimensional SN la models should capture 
the fundamental trends in the synthesis of neutronized 
species. 

In Eigurell^, the Ni/Ee and Mn/Ee mass ratios pre¬ 
dicted by these explosion models are compared with the 
observed values. All the sub-Mch models, regardless of 
progenitor mass or metallicity, fail to reproduce the high 
levels of neutronization found in 3C397. We find that 
the Mch models can match the observed mass ratios of 
both Ni/Ee and Mn/Ee, but they also require relatively 
high metallicities. A possible interpretation for this fact 
is that the hot plasma component responsible for the ob¬ 
served K-shell emission is dominated by the n-NSE prod¬ 
ucts, whereas the majority of the NSE and Si-burning 
products composes a lower-temperature component that 
is visible in the soft X-ray band (i.e., L-shell emission). 
An alternative is that the emission from the n-NSE re¬ 
gion is enhanced due to density inhomogeneities in the 
ejecta. Otherwise, the metallicity should be indeed high. 
EigureHt) shows the mass ratios for the same Mch mod¬ 
els where the values predicted for the n-NSE region (the 


























































Electron Capture Products in Type la SNR 3C 397 


5 



0.72 Z® 


o 

o 

d 


0.18Z® 


0.01 


0.03 


Mch DDT 

Sub-Mch 


pDDT [9 cm'^] 

Mwd [Mq] 


• 3.9x10^ 

• 1.15 


■ 2.6 xio^ 

■ 1.06 


▲ 1.3x10^ 

A 0.97 

- 

★ 1.0x10^ 

★ 0.88 

- 

. 

1 


0.1 

0.3 



Ni/Fe 



Ni/Fe 


Figure 4. (a) Ni/Fe and Mn/Fe mass ratios in SN la mod¬ 

els, compared with the observed values in 3C 397 (magenta di¬ 
amond and gray regions). Blue symbols represent Mch delayed- 
detonation models with different values of Pddt as indicated in the 
legend. Red symbols represent sub-Mch detonation models with 
WD masses given in the legend. Models with the same progeni¬ 
tor metallicity are connected by lines: 5.4^0 (thick solid), 1.8 Zq 
( thick dashed), 0.72 Zq (thin solid), and 0.18 Zq (thin dashed). 
The values for Kepler and Tycho indicated by the gr een and or¬ 
ange d iamo nds are calculated u sing th e line fluxes from IPark et al.l 
(1201311 and lYamagnchi et aP (I2014bl l with our updated atomic 
data. (b) Same as panel (a), but the values predicted for the 
innermost 0.2 Mq that is dominated by the n-NSE regime (blue) 
and the other regions (red) from the M^h models are separately 
shown. The observed mass ratios for 3C 397 can be well explained 
by the nucleosynthesis that occurs in the n-NSE regions of standard 
metallicity models. 


iuueruiost 0.2 Mq iu our oue-dimeusioual models) aud 
the other regious are split. The mass ratios determiued 
from the K-shell spectra cau be well explaiued by the 
u-NSE compoueuts eveu with the relatively low metal- 
licit ies, either aloue or partially mixed with the rest of 
NSE matter. Siuce the u-NSE regime is uot expected iu 
sub-Mch WDs, we cau couclude that the progeuitor of 
3C 397 must have had a mass very close to Mch- A Mch 
progeuitor is uaturally explaiued by the evolutiou of a 
WD slowly accretiug mass from a uou-degeuerate com- 
pauiou (e.g.. iHachisu et ^Il996f ). Therefore, our results 
strougly suggest the SD sceuario as the origiu of this par¬ 


ticular SN la. Iu priuciple, Mch or eveu super-Mch WDs 
could arise iu the DD sceuario (jHowell et al.l 1200^ . but 
the properties of the galactic populati ou of WD biuaries 
make this a remote possibility at best (jBadeues fc MaozI 
[ 2011 ) . 

The large amouut of ueutrouized material revealed 
by the X-ray spectrum of 3C397 might seem excep- 
tioual iu couiparis ou to other S N la remuauts like Kepler 
([Park et al.l l2Q13f ) or Tycho (jYamaguchi et al.l l2Q14bD 
(see EigureS)), but it is importaut to emphasize that 
3C397 is the ouly evolved Type la SNR that has beeu 
observed to such depth by Suzaku. This implies that 
SD progeuitors might be commou iu the Milky Way, 
which is also suggested from the preseuce of circumstel- 
lar m aterial coufirmed iu some youug SN la remuauts 
(e.g., IWilliams et al.ll2QllL 12012L 1201^ . Siuce the evi- 
deuce iu favor of DD progeu i tors is stroug for other SNRs 
(iGouzalez Heruaudez et M] 120121: [Schaefer fc Paguottal 
[2012D . it appears that both progeuitor chauuels must 
coutribute siguificautly to the SN la rate iu star-formiug 
galaxies. 


4. CONCLUSIONS 

We have showu that the SN la progeuitor of 3C397 
likely coutaiued a WD with a mass very close to Mch- 
This result is auchored by the stroug K-shell emissiou 
from Ni aud Mu iu this SNR, aud is robust to the details 
of the data aualysis aud the SN uucleosyuthesis calcula- 
tious used to iuterpret the data. Other work has claimed 
evideuce for Mch SN la progeuitors by model iug Galactic 
chemical evolutiou (|Seiteuzahl et al.l l2013al) , or by ap- 
plyiug pheuomeuological radiative t rausfer relat i ous t o 
large samples of SN la lightcurves (|Scalzo et al.l 1201-5) . 
but these studies make stroug assumptious about com¬ 
plex aud highly uucertaiu processes. The aualysis of the 
hard X-ray spectrum of 3C 397 preseuted here might be 
the cleauest, most robust determiuatiou of the mass of a 
siugle SN la progeuitor to date, aud strougly suggests au 
SD progeuitor for this particular remuaut. Euture deep 
observatious with higher augular/spectral resolutiou iu- 
cludiug the soft X-ray baud will allow us to iuvestigate 
the spatial distributiou of the elemeutal mass ratios aud 
plasma properties (i.e., electrou temperature aud deu- 
sity). This will help uuderstaud why the NSE aud Si- 
buruiug products are little visible iu the hard X-ray baud 
(see §3), aud coustraiu the detailed explosiou mechauism 
of Mch SNe la as well as the dyuamical evolutiou of their 
remuauts. 
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